Equiluminance ratios for red/green, red/blue and green/blue sine-wave gratings were determined by using a minimum-motion heterochromatic matching technique that permitted reliable settings at temporal frequencies as low as 0.5 Hz. The red/green equiluminance ratio was influenced by temporal but not spatial frequency, the green/blue ratio was influenced by spatial but not temporal frequency, and the red/blue ratio was influenced by both. After bleaching of the blue-sensitive cones, there was no change in equiluminance ratios, indicating no contribution of the blue-sensitive cones to the luminance channel even at low temporal and spatial frequencies. The inhomogeneity of yellow pigmentation within the macular region was identified as the source of the spatialfrequency effect on the blue/green ratio.
vided into chromatic and achromatic pathways very early in the visual system.1-Opponency between cone responses contributes to the chromatic pathway, whereas summation of cone responses contributes to the nonopponent, or luminance, pathway. Our paper is concerned with the relative contributions of the different cone mechanisms to the luminance channel at different temporal and spatial frequencies and, in particular, with whether the short-wavelength (B) cones contribute at all.
To evaluate the relative contributions to the luminance channel, we determined the null or equiluminance point at which two colors contribute equally. Our stimulus, which will be described shortly, is constructed so that motion is present only if there is a luminance difference between the two colors being evaluated. We also varied the spatial and temporal frequencies used in presenting the stimulus. Cells at the retinal ganglion level can show a range of preferences for spatial and temporal frequency. 5 For example, the nonopponent cells respond best to low spatial and high temporal frequencies, whereas the color-opponent cells prefer high spatial and low temporal frequencies. 1 - 3 These two cell populations project to separate layers of the lateral geniculate (magnocellular and parvocellular, respectively). 6 It has been argued 7 that both are involved in carrying achromatic information; the magnocellular layer is principally nonopponent, and the parvocellular layer, although carrying color-opponent information for low spatial and low temporal frequencies, carries nonopponent information at high spatial and temporal frequencies. This separation of achromatic information into two distinct pathways at an early level calls into question the notion of a monolithic luminance pathway. If there are functionally distinct luminance pathways with different spatiotemporal properties, we may be able to identify them by changes in the relative contributions of the various cone mechanisms, and therefore changes in equiluminance settings, as a function of spatial and temporal frequency.
The contribution of the B cones to luminance is currently contested. Results of physiological studies suggest that these cones have very little input to spectrally nonopponent retinal ganglion cells.1- 4 Eisner and MacLeod 8 argued on the basis of heterochromatic flicker measurements that B cones made no contribution to luminance. Tansley and Boynton 9 made the same argument based on minimally distinct border measurements. A weakness in these studies is that they rely directly or indirectly on relatively high spatial or temporal frequencies to evaluate luminance, and there is evidence' 0 -' 2 that the sensitivity of B cones or their associated pathways falls rapidly as spatial or temporal frequency increases. This makes it desirable to test for a B-cone contribution by using the lowest possible spatial and temporal frequencies. Drum' 3 showed that when white and yellow stimuli were equated for flicker thresholds, the detection threshold for the white stimulus tended to be slightly lower than that for the yellow stimulus. He suggested that his result could be explained most plausibly by a B-cone contribution to the luminance pathway for the low spatial and temporal frequencies involved in detection but not for the high temporal frequency involved in flicker. Involvement of chromatic channels in detection is an unlikely alternative explanation because it was the achromatic, white stimulus that had the lower threshold.
In this paper we examine these issues by determining whether equiluminance settings vary with the spatial and temporal frequency of the stimulus. We modified the minimum-motion heterochromatic matching technique' 4 " 5 for use with sinusoidally modulated gratings. This technique produces results like those of conventional flicker photometry, but it has the advantage of permitting very precise matches at either high or low temporal and spatial frequencies.
The results that we present indicate greater short-wavelength sensitivity at low spatial frequencies, suggesting that B cones do contribute to achromatic sensitivity, since the signal from these cones is much attenuated at high frequencies. But when we repeat the experiment after selectively bleaching the B cones to suppress their contribution, the matches at all spatial frequencies remain unchanged. From this and other experiments we conclude that the spatialfrequency dependence of heterochromatic matches comes about because of inhomogeneities in macular pigmentation and not because the B cones affect the matches. 
THE MINIMUM-MOTION STIMULUS
The minimum-motion stimulus is relatively complex and needs to be discussed in detail. We will first describe the wave grating of red and green stripes is briefly presented and then replaced by an overlapping grating of light and dark yellow stripes displaced by half a bar width to the right ( Fig.   1 ). Apparent motion is seen in a direction that depends on the relative luminances of the red and green stripes. If the red stripes are darker than the green, the red stripes are seen as jumping to the left into the succeeding dark yellow stripes (Fig. la) . If the red stripes are lighter than the green, they appear to jump to the right, into the succeeding light stripes (Fig. lb) . If the red and green stripes are equally bright, then no motion is seen. Adding two more gratings produces a continuous four-stroke cycle. Frames 1 and 3 are gratings of red and green stripes, and frames 2 and 4 are gratings of light and dark yellow stripes. The cycle repeats endlessly, giving the impression of continuous apparent motion.
It is straightforward to change the spatial stimuli from square waves to sine waves. The appropriate substitution for the temporal modulation can be understood by referring to Fig. 1 . Notice that the two color gratings, T1 and T3, are simply contrast-reversed copies of each other. We can consider these two gratings as one grating undergoing a periodic contrast reversal. In fact, the grating passes through three contrast levels, positive contrast, zero contrast, negative contrast, and zero contrast again, in the four stages, T1-T4, of the cycle [ Fig. 1(c) ]. The two luminance gratings, T2 and T4, can also be described as a single luminance grating undergoing a similar contrast reversal over time. Note that the color grating reaches its maximum contrast when the luminance grating is at zero contrast; that is, the waveforms of the two gratings are similar but they are offset by onequarter cycle in time. We can therefore replace these two square-wave temporal waveforms with sinusoidal modulation in time of the two gratings with their modulations offset by 900 of temporal phase. The following mathematical analysis reveals the motion inherent in this stimulus as well as the criteria for optimizing its presentation. Our stimulus is produced by superimposing two gratings, both in counterphase flicker with the same spatial and temporal frequencies. Neither of these gratings alone has any net energy moving leftward or rightward; it is only the interaction of the two gratings that can produce a motion percept. Each of the spatiotemporal gratings that we use is the product of sinusoidal modulation in space and time: This technique of converting a reversal in contrast into a reversal of motion is the same technique that we used in the simpler four-stroke cycle stimulus of Fig. 1 , but now we are using sinusoidal stimuli in space and time. Our stimulus is made up of one luminance grating and one color grating, not two luminance gratings. The second luminance grating is present only when there is a luminance mismatch between the two colors in the color grating.
In our stimulus, the first of the gratings, which we will label the color grating, varies in chrominance and has a luminance variation determined by the observer's setting, while the second grating varies only in luminance. Once the observer has nulled the luminance component in the color grating, the stimulus can no longer generate motion, only flicker, and the equiluminance point has been determined. The color grating is produced by summing, for example, red and green spatiotemporal sine-wave gratings 180° out of phase (see Fig. 2 ). If the two sine waves have identical luminance amplitudes, they will have the same sum everywhere and so vary in chrominance but not in luminance (Fig.  2b) . If their two amplitudes are not equal, there will be a sinusoidal luminance variation whose amplitude will be the difference between the red and green luminance amplitudes. This luminance variation will have the same phase as the red component of the color grating if this component has the greater amplitude [ Fig. 2(a) ] and the same phase as the green component (a sign reversal or, equivalently, a shift of 1800) if that component has the greater amplitude [ Fig. 2(c)] .
Combined with the color grating is a luminance grating that differs from it by 90° in both spatial and temporal phases and that varies only in luminance. Since the luminance grating has no chromatic variation that can interact with that of the color grating, the result of combining this grating with the first depends solely on the sign of the luminance component of the color grating. The final result, as . The observer's task is therefore to find the point at which motion reverses from leftward to rightward.
Our stimulus can thus be represented as , motion can be seen over a large range surrounding equiluminance, thus aiding the observer make the setting if the initial value is far removed from equiluminance; however, there is, as well, a large, central range of ambiguous or no motion that makes the exact setting difficult. When its amplitude is small [say, 5% as in (c)], the exact equiluminance point is more easily located; however, it is difficult to know the appropriate direction of adjustments to make to approach equiluminance if the initial value falls in the large flanking flicker areas.
where R(x, t) and G(x, t) are the luminances of the red and green phosphors; LR and LG are their average luminances, one of which the observer adjusts to achieve a motion null;
and m is the contrast of the luminance grating. The sine terms represent the yellow grating (both red and green terms have the same phase), and the cosine terms represent the red/green grating (red and green terms are 1800 out of phase). Notice that changing LR or LG affects the red/green luminance ratio equally in the color grating and the yellow grating. As a result, the space-averaged chromaticities of the two gratings remain matched at all settings. The spatiotemporal variation of the total luminance is obtained by summing the contributions of the two phosphors in Eqs. (1) and (2) . Rewriting in terms of two moving components, one rightward and one leftward, we obtain
L(x,t) = R(x, t) + G(x, t) =LR + LG + 0.5[m(LR + LG)
From this it can be seen that when LR > LG the rightward motion component (the first cosine) has the higher contrast, and vice versa. When two oppositely moving components are summed, motion is seen in the direction of the component of the higher contrast. 16 ,' 7 When the red and green luminances are equal, the contrasts of the two components are equal and no motion, only flicker, is seen. The flicker has two components, a low-contrast luminance flicker of amplitude m and a large-amplitude chromatic flicker. The motion produced by slight deviations from equiluminance must be detected in the presence of these two masking components. Stromeyer et al. ' 7 have shown that the presence of a counterphase mask of moderate contrast may facilitate the detection of motion.
The difference between the leftward and rightward contrasts reaches a maximum when the luminance difference between the two colors approximately equals the amplitude of the luminance grating. For example, when
substitution for LR -LG in Eq. (3) reveals that the leftward grating (the second cosine) has zero contrast, and thus only rightward motion is present. For much greater luminance mismatches, the contrasts of the leftward and rightward motion components are nearly equal, and the predominant impression is of flicker rather than of motion (see Fig. 3 ).
Two additional considerations are important in constructing the stimulus: the amplitude and the color of the luminance grating.
As described above, the combination of the luminance grating with the luminance component of the color grating 7 (see Fig. 3 ). If the amplitude of the luminance component of the color grating is small while that of the luminance grating is large, the resulting flicker can mask the motion that indicates small deviations from equiluminance (the central flicker region in Fig. 3) . Conversely, if the luminance component of the color grating is large (that is, if there is a significant mismatch in the red and green luminances) while the amplitude of the luminance grating is small, flicker may again mask the motion (the outer flicker regions in Fig. 3 ). The observer may confuse this flicker with the flicker that is seen at equiluminance, and adjustments to correct the setting may be difficult to make. To permit the most sensitive detection of the motion produced by combining the two gratings, the amplitude of the luminance grating should be relatively small, but not so small that the range within which motion can be seen is too narrow. We found that 10% contrast for the luminance grating was optimal.
The choice of the chromaticity coordinates of the luminance grating can affect the visibility of the motion if the chosen coordinates differ from the average chromaticity of the color grating and so produce significant color flicker. We therefore arranged conditions, as specified in Eqs. (1) and (2) , such that the luminance grating always had the same chromaticity coordinates and the same mean luminance as the color grating. Since the color gratings were constructed by superimposing two differently colored sine waves 180° out of phase, the luminance gratings were constructed by superimposing sine-wave gratings of the same two colors and mean luminances as before but now in phase and of lower amplitude. Whenever the observer adjusted the relative amplitudes, LR and LG, of the two colors in the color grating, the relative amplitudes were also adjusted in the same proportions, mLR and mLG, in the luminance grating. The luminance grating was yellow when the color grating was red/green, magenta when the color grating was red/ blue, and cyan when the color grating was blue/green.
In the first experiment, we used the minimum-motion technique to find the equiluminance ratio for red/green, red/ blue, and green/blue sine-wave gratings over a range of spatial and temporal frequencies extending down to 0.5 Hz and 0.5 cycle per degree (cpd). Although these stimuli did not stimulate the individual cone mechanisms in isolation, any difference in the spatial or temporal characteristics of the cone mechanisms should be reflected indirectly in our results. In the second experiment, we directly assessed the contribution of the B cones by bleaching them and repeating our measurements.
We were interested in the effects of spatial and temporal frequency on equiluminance for practical reasons as well.
In order to study the opponent color pathways in isolation, it is essential to construct stimuli that provide no pattern information to the luminance pathway. If equiluminance is not influenced by either spatial or temporal frequency, then a single adjustment of relative contrast between the colors involved would be sufficient to ensure equiluminance for arbitrarily complex spatiotemporal stimuli. If, however, spatial and/or temporal frequency influences equiluminance settings, then significant constraints are placed on the types of chromatic images that can be used. with a dental-impression bite bar. There was a centralfixation bull's-eye 15' in diameter, and the stimulus was surrounded by a gray border of 5' that had the same mean luminance as the rest of the display. The stimuli were made from the superposition of a spatiotemporally sinusoidal color grating and a spatiotemporally sinusoidal luminance grating both at the same spatial and temporal frequencies and 90° out of phase with each other in both space and time [Eqs. (1) and (2)3. Three different color pairs were used, red/green, red/blue, and blue/green; each color was produced by one of the three phosphors of the television monitor. Each of the individual sine waves (red, green, or blue) for the color grating was at 100% contrast and added together in pairs 1800 out of phase. The luminance grating was produced by adding two sine waves of the same colors used to make the color grating and using the same mean luminance but with each wave now at 10% contrast and the two added together in phase. The spatial frequencies used were 0.5, 1, 2, 4, 8, and 12 cpd. The temporal frequencies were 0.5, 2, and 7.5 Hz.
For the blue/red stimuli, a minimum flicker condition at All 18 possible combinations of the six spatial and three temporal frequencies for a given color pair were run in random order with at least four readings for each condition. At the beginning of each trial, the stimulus was presented with a random relative luminance of the two colors being tested. The observer then adjusted a joystick to find the point at which the motion reversed direction. If there was a range within which no motion was seen, the observer tried to find an adjustment in the center of that range. Between trials, a spatially uniform field was displayed with the same mean luminance and mean chromaticity as the tests.
The maximum luminance of the red sine wave was set to 15 cd/M2 as a reference, and the observers adjusted the luminances of the green and blue sine waves to find the equiluminance point. For the blue/green grating, green was taken as the fixed reference, and the luminance of the blue sine wave was varied. The fixed green luminance was set to the value required to match the 15 cd/M2 of red at 0.5 Hz and 1 cpd for each observer.
As a check of the spatial and chromatic properties of the five-element achromatizing lens, the blue/green minimummotion condition was also run at 7.5 Hz and 2, 4, and 8 cpd with a standard two-element achromatizing lens. The green and blue stimuli were appropriately scaled to compensate for the difference in magnification for these two colors introduced by this type of lens. The readings in this control condition were in good agreement with those obtained with the five-element lens.
We also verified the response of the monitor itself by measuring the luminance of individual black and colored bars of a square-wave grating as a function of its spatial frequency. The luminance contrast of the light and dark bars dropped slightly from the 0.5-cpd grating to the 8-cpd grating, the drop being smallest for a green grating (0.3%) and slightly larger for red and blue gratings (2.9 and 3.1%, respectively).
Finally, misregistration of the color images on the monitor will affect the strength of the motion signal produced by a luminance mismatch between the colors but not the equiluminance point, the point at which there is no motion [the components in Eqs. This misregistration is equivalent to 2.1 mm on the screen of the monitor, whereas the maximum misregistration of the red, green, and blue images when properly adjusted on the monitor is less than 1 mm.
Two of the authors, SMA and PC, served as observers.
Both have normal color vision and normal or corrected-tonormal acuity. SMA was unable to make settings at 8 or 12 cpd. 
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Results
The data are shown in Figs. 4-9. Figures 4 and 5 show that for red versus green there is little or no effect of spatial frequency on the equiluminance ratio, whereas there is a consistent effect of temporal frequency. The amount of green required to equal the luminance of the red increases by 9% for SMA (from 0.5 to 7.5 Hz) and by 7% for PC. These results are consistent with those reported by Kelly' 9 in a threshold task. Finally, Figs. 8 and 9 show that more blue is required to match green as the spatial frequency increases. There does not appear to be any effect of temporal frequency on the settings for SMA. For PC, however, the 0.5-Hz condition requires more blue to match the green than do the 2-and 7.5-Hz conditions. A similar small difference for 0.5 Hz with this observer also appears, but in the opposite direction, for the blue-versus-red data of Fig. 6 . With the exception of this special case, then, temporal frequency does not appear to have an effect on the blue-versus-green settings.
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Since measurements were taken on all three combinations of red, green, and blue and since the measurements give an indication of the relative contributions of each color to the luminance channel, we should, in fact, be able to predict the third measurement, blue versus green, for example, from the other two, blue versus red and red versus green. If this prediction holds, we have found transitivity among the three measurements. Table 1 shows that the three sets of readings show very consistent transitivity for both observers.
Finally, to summarize the results of this experiment, temporal-frequency effects are evident when red is present in the stimulus (red contributes less to luminance at lower temporal frequencies), and spatial-frequency effects are found when blue is present (blue contributes less at higher spatial frequencies). a The values shown are the product of the ratios of matching luminance values for green when matched with red and for blue when matched with green, divided by that for blue when matched with red. The expected value is 1.00; thie average value for PC was 0.99, and the average value for SMA was 0.95.
EXPERIMENT 2. EQUILUMINANCE AFTER BLEACHING OF B CONES Procedure
The spatial-frequency effect seen when blue is involved but not when only red and green are involved might reflect the sparser sampling of the retinal image by the B cones20; that is, the response of the blue mechanisms will drop as the spatial frequency of the blue variation in the stimulus approaches the sampling density of the B cones. This interpretation requires us to assume, despite evidence to the contrary, 8 that B cones contribute to luminance. On the.
other hand, the spatial-frequency effect for blue stimuli may result from inhomogeneities within the macular pigment. 21 Higher spatial frequencies are better detected by more central parts of the retina, and the yellow macular pigmentation filters out more and more blue at smaller eccentricities. In order to test these possibilities, we next bleached the B cones to see whether the settings would be affected when the B cones no longer contributed any response. To test for inhomogeneities within and outside the macula we used three field sizes: 10, 20, and 120. For the 120 field, the fixation bull's-eye was expanded to cover the central 40 in order to exclude the macular area.
Using the minimum-motion technique described in experiment 1, we determined equiluminance settings, always at 2 Hz, for green versus blue at several spatial frequencies: 1, 2, 4, and 8 cpd for the 1° display; 0.5, 1, 2, 4, and 8 cpd for the 20 display; and 0.25, 0.5, 1, 2, and 4 cpd for the 12°d isplay. For the 20 and 120 displays, these conditions were run in random order with the B cones bleached and, in a separate session, without bleaching. For the 1° field, the measurements were made only without bleaching.
In order to bleach the B cones, each observer exposed his eye to be tested to approximately 4800 Td of violet light for 1 min. The light was produced by focusing the beam of a 300-W Kodak Carousel with a reflector-type lamp through a For the experimental conditions, the observer first exposed himself to the bleaching light for 1 min and then moved immediately to the minimum-motion display and made settings for up to 1 min or until he observed a change of the chrominance in the display. Since the stimulus colors, blue and green, did not fall along the tritanopic confusion line, the stimulus was not achromatic after the bleach but appeared to be blue-green and gray, respectively. As the bleach wore off, a very noticeable yellow would fill the gray stripes, turning finally to green. The blue-green would simultaneously shift to saturated blue. If the observers noticed any chromatic changes before the minute had elapsed, they stopped making readings. At least four settings were made in each condition.
The observers were two of the authors, PC and DM (DM is a deuteranomalous trichromat with normal acuity). For the 120 field, blue luminance was held at 10 cd/M2, and green luminance was varied to find the equiluminance settings; for the 10 and 20 fields, blue was held at 16 cd/M2 and green was varied for PC, whereas green was fixed at 15 cd/M2 and blue was varied for DM.
Results
The results for the 10 11. The decrease in increase in blue in Fig. 11 ) that is required for equiluminance to be reached as spatial frequency increases is found again here without bleaching but is also found after bleaching of the B cones. In fact, bleaching the B cones appears to have very little effect on the equiluminance settings at all, implying that these cones are not contributing to the luminance response for either the green or the blue stimulus.
On the other hand, changing the field size to 10 substantially alters the equiluminance settings. The settings with the smaller field are close to those for the higher spatial frequencies in the 20 field and vary much less with spatial frequency. This is as expected if the source of the spatialfrequency effect is an inhomogeneity in the macular pigmentation, with more blue being absorbed at smaller eccentricities. The central 10 will then be less sensitive to blue.
The settings in the 10 field will be shifted toward those made for higher spatial frequencies in the larger field because both of these cases involve detection by the central fovea alone.
The settings in the 10 field change less with spatial frequency because the amount of inhomogeneity within 10 is smaller both in pigmentation and in frequency response.
The results for the 120 field are shown in Figs. 12 and 13. For this parafoveal region, 20 to 50 eccentricity, there is again little effect of bleaching on the equiluminance settings. There is also less effect of spatial frequency on the settings, as would be expected if this display fell outside the macular pigmentation and its inhomogeneities.
Although the effects of bleaching are small, they are fairly consistent across spatial frequency and field size. After bleaching, the green luminance required for equiluminance with blue decreased by an average of 1.0% (standard error of +0.4%) for PC and 1.8% (standard error of +0.6%) for DM. Note that the luminance axis is not inverted in this graph. The vertical bars show the typical (+1) standard error.
DISCUSSION
Our results show that the B cones do not contribute appreciably to the luminance pathway under the conditions of these experiments. Our readings were taken at low spatial and temporal frequencies for both foveal and parafoveal regions and so respond to Drum's criticism' 3 of previous work. The effect of bleaching the B cones on the equiluminance settings for green versus blue was less than 1 or 2%, and we claim that this is the upper limit of the possible contribution of the B cones to the luminance pathway. On the other hand, the effects of the bleaching light on selfscreening22 in the R and G cones can be expected to produce a change of about 1 or 2% in the same direction as that observed, and so there may in fact be no contribution from the B cones. In either case, B cones have a minimal effect on the luminance pathway, and blue stimuli must affect the luminance pathway almost entirely through the R and the G, or long-and medium-wavelength, cones.
Although the blue variation in the stimulus acts through the R and G cones, it is still susceptible to filtering by the macular pigment. We attribute the spatial-frequency effects on equiluminance matches involving blue stimuli to the inhomogeneity in the macular pigmentation. Since highspatial-frequency stimuli will be detected predominantly by the central fovea and lower spatial frequencies will be detected over a greater area, different spatial frequencies will sample different areas of the fovea and receive different amounts of filtering.
Although the spatial-frequency effect seen for blue stimuli appears not to be due to receptor factors, the temporalfrequency effect seen for red stimuli may be due to differences in temporal responses of the G and R cones. The effect that we report is similar to that found by Kelly' 9 for a threshold task. The temporal-frequency effect seen in both these studies suggests that the equality of heterochromatic matches made by flicker techniques at fairly high temporal 6 She used a threshold task similar to Kelly's but found that the efficiency of luminance response to red increased at higher spatial frequencies compared with the response to green. This finding is similar to our first results with the minimum-motion technique using square-wave stimuli.' 4 We attribute our earlier finding of a spatial-frequency effect for red/green to chromatic aberration, which was not controlled in our previous study. Having corrected for chromatic aberration in this study, we conclude that there is little effect of spatial frequency on red/green matches.
The effects of spatial and temporal frequency that we have found appear to be attributable to optical (macular pigmentation) and receptor factors. The data do not provide any strong evidence requiring the assumption of several luminance pathways having different properties, nor is there any indication that the different techniques used to measure luminance might be evaluating different luminance subsystems. We obtained similar equiluminance settings for our minimum-motion technique and for minimum flicker, and other studies have shown similar equiluminance settings for flicker matches at high temporal frequencies and minimum border matches for stimuli with no temporal variation. 2 3 We have also extended the evaluation of equiluminance settings to situations involving perception of static, achromatic forms such as shadow figures' 7 and subjective contours2 8 and still find no evidence of separate luminance pathways for these conditions.29
Our data also provide important guidelines for the conwstruction of purely chromatic images. Such images provide no pattern for the luminance pathway and so are useful for studying the properties of the opponent-color pathways in isolation. First, blue should be avoided in constructing such equiluminous images because of the inhomogeneity of blue absorption across the retina, not only inside versus outside the 20 macular area but within the macula as well, as we have shown here. It would be difficult to produce a uniformly equiluminous stimulus of more than 10 in size when blue is involved, and, even in this case, fixation would have to be carefully maintained. The problem would be less serious if blue areas of the stimulus were completely outside the macular region, but, again, fixation would have to be carefully controlled to prevent the blue portions of the stimulus from falling within the macula. Unlike images involving blue, those involving red and green would not suffer from spatial inhomogeneity. However, temporal factors would be a problem. Temporal frequencies should therefore be kept within a restricted range either by fixating static targets or by making target appearances and disappearances occur gradually.
Although the effects of spatial and temporal frequency appeared to be fairly consistent from observer to observer in our experiments, there were substantial differences in mean equiluminance settings between individuals. For example, in experiment 1, PC required 30 to 40% more green or blue luminance to match the red standard than did SMA. This wide variation between color normals is not unusual 3 0 and underlines the importance of individual adjustments in any task requiring equiluminous colors. Finally, chromatic aberration always produces problems whenever high spatial frequencies are involved, as the observer can control the relative contrast of the stimulus colors by changing accommodation to bring the different color independently into focus. The contrast of the out-of-focus image colors is reduced by blurring, and this contrast loss is greater the finer the detail (the higher the spatial frequency content) of the image. Therefore either images should be blurred to reduce the high spatial-frequency content or the observers must be corrected for chromatic aberration. If a two-element lens is used for correcting the axial aberration, then the relative scales of the different-colored images must be adjusted to compensate for the differential magnification introduced by these lenses. Alternatively, a lens that does not introduce differential magnification' 6 ' 31 '32 can be used.
